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Abstract An Arabidopsis thaliana cDNA (AtGSHS) encoding
a protein with high primary sequence identity to cDNAs previ-
ously isolated from Xenopus laevis (42%), Schizosaccharomyces
pombe (40%), Rattus norvegicus (40%) and Homo sapiens (37%)
encoding glutathione synthetase (EC 6.3.2.3) has been isolated by
functional complementation of an Escherichia coli mutant defi-
cient in this enzyme. AtGSHS is encoded by a single gene,
GSHB, as determined by Southern blot analysis and the corre-
sponding mRNA is abundant in both roots and leaves of Arabi-
dopsis.

Koy words: Arabidopsis thaliana; Glutathione synthetase;
Glutathione; Functional complementation

1. Introduction

Plants must respond to adverse environmental conditions
th-ough increases in the activity of mechanisms which maintain
ce lular homeostasis. A result of both biotic and abiotic stresses
is often an increased production of partially reduced oxygen
spzcies. Accumulation of these highly reactive oxygen interme-
diates (ROY’s) lead to the state of oxidative stress during which
considerable damage may be inflicted upon the plant at the
ce:lular level [1]. Cellular protection under these conditions is
af ‘orded in part through the activity of antioxidant enzymes
(superoxide dismutases, catalases and peroxidases) and antiox-
idant molecules (ascorbate, carotenoids, tocopherols and gluta-
th one) which together act to limit the accumulation of ROIs
ard thus reduce oxidative damage [2]. Plant antioxidant de-
fe:ces have received much attention because of their central
rcle in metabolism during conditions of environmental stresses
[3 . However, although increases in the activity of antioxidant
erizymes and the levels of antioxidant molecules can be meas-
urad during early responses to oxidative stress, these changes
a1 : often not sufficient to fully protect macromolecules sensi-
tie to oxidative damage. Considerable effort has thus been
di-ected to the genetic manipulation of plant antioxidant de-
ferces in order to produce greater tolerance to oxidative stress.
A tempts to date have been largely concerned with the manip-
ul ition of specific enzymatic antioxidants, in particular super-
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oxide dismutases, ascorbate peroxidase and glutathione reduc-
tase [4]. The level of tolerance to oxidative stress which has been
achieved has, however, been variable and there is a clear need
to gain a better understanding of the cellular antioxidant de-
fences as a whole. The tripeptide thiol glutathione (GSH) is
intimately involved in the redox balance of the cell and in the
regeneration of ascorbate from dehydroascorbate [5]. As such
it is an integral part of the cellular antioxidant system and its
biosynthesis occurs in response to oxidative stimuli in plants
and during the adaptation of plants to environmental adversity
such as drought and extremes of temperature [6.7]. GSH has
been identified with a number of protective roles within the
plant. It functions in the storage and transport of sulphur, and
in the detoxification of xenobiotics and removal of heavy met-
als. It is associated with protein stability, and exerts redox
control over enzyme activity. Given the importance of these
diverse yet interrelated roles, tight regulation of GSH level
within the cell must be vital to normal cell function in confer-
ring the capability for increased redox buffering capacity dur-
ing oxidative stress. Despite this, only limited biochemical in-
formation is available concerning the structural properties or
the regulation of the enzymes responsible for its synthesis. The
processes controlling GSH metabolism thus present an attrac-
tive target for investigation and manipulation.

GSH is synthesised in two ATP-dependent steps. In the first,
catalysed by y-glutamylcysteine synthetase (y-ECS; EC 6.3.2.2)
the dipeptide y-glutamylcysteine is produced from L-glutamic
acid and L-cysteine. In the second step, catalysed by glutathione
synthetase (GSHS; EC 6.3.2.3), glycine is added to the C-termi-
nal site of y-glutamylcysteine to form GSH. We have adopted
a ¢cDNA cloning approach to understand the pathway respon-
sible for the synthesis of GSH in Arabidopsis. This will provide
the tools with which to investigate the factors which regulate
the expression of this pathway and for the genetic manipulation
of GSH homeostasis in plants. To this end we have previously
described the isolation and characterisation of a cDNA encod-
ing chloroplastic y-glutamylcysteine synthetase [8]. In this
paper, we report the isolation of a cDNA clone encoding gluta-
thione synthetase obtained by functional complementation of
an £, coli mutant deficient in this enzyme [9].

2. Materials and methods

2.1. Plant material

Arabidopsis thaliana accession Columbia C24 was grown in soil
under 16-h light conditions at 21°C. Plants for total RNA isolation
were grown as previously described [8].

2.2. Bacterial strains and ¢cDNA library
E. coli K12 parental strain AB1157 (F~, thr, leu, proA, his, argB,
thi, strA), and GSHS deficient gshB mutant 830 were a kind gift of
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P. Apontoweil [9]. The Arabidopsis thaliana cDNA plasmid expression
library in AYES-R was a gift from R. Davis [10].

2.3. Isolation and characterisation of cDNA clones

Preparation of gshB mutant 830 for electroporation and electrotrans-
formation was as described previously [8]. After electroporation using
1 ug of the cDNA library, cells were plated on minimal medium con-
taining 0.8% (w/v) agar and 1 x M9 salts [11, appendix A3] supple-
mented with 8-hydroxyquinoline (8-HQ) at 20 ug-ml™', ampicillin at
100 gg-ml™', 1 mM isopropyl B-p-thiogalactopyranoside (IPTG), and
glucose at 0.1% (w/v). Colonies which appeared after 4 days of incuba-
tion at 37°C were selected, grown in L-broth and their glutathione
content determined as described {7]. One clone, M12, in which the
extractable glutathione content was significantly higher than that meas-
ured in extracts of gshB mutant 830 was selected for further analysis.
The sequence of the complementing plasmid insert was determined on
both strands by subcloning the ¢cDNA insert from pYES-R into
pBluescript IT KS(+) (Stratagene) and using the dideoxynucleotide
chain termination method [12]. Sequence analysis was performed by
using the University of Wisconsin Genetics Computer Group software
package. The cDNA was named AtGSHS. The pYES plasmid isolated
containing AtGSHS was named pMI12A. AtGSHS subcloned into
pKS(+) was named pM12B.

2.4. DNA and RNA blot hybridisation analysis

Arabidopsis DNA was extracted as described by Dellaporta et al. [13],
and total RNA was isolated as described by Gurr and McPherson [14].
Separation of DNA and RNA using agarose gel electrophoresis was by
standard procedures [11]. For both analyses, 1 kb and 0.6 kb fragments
of clone pM12B produced by digestion with Xhol were used together
as the probe. Prehybridisation and hybridisation of the filters after
transfer was as described [8] followed by low stringency washing. The
genomic Southern blot was then washed at high stringency.

2.5. per amplification of 5" sequence

Amplification of DNA by nested pcr was carried out on the p AYES
library essentially as described [15]. Sequence specific primers were used
in conjunction with primers designed to either the lac or GAL I promot-
ers present in p AYES [10].

3. Results

3.1. Isolation of an Arabidopsis GSHS cDNA by functional
complementation
Electrotransformation of an Arabidopsis cDNA plasmid ex-
pression library into gshB mutant 830, an E. coli mutant defi-
cient in glutathione synthetase (GSHS) activity, yielded thirty
clones with restored resistance to 20 ug-ml™' 8-HQ. Following
glutathione (GSH) content determination one of them (M12)

Table 1
Restoration of glutathione levels in a GSHS-deficient E. coli mutant by
complementation with pM12A

Strain n mol GSH 10° bacteria™'
AB1157 6.21 (x 1.40)
AB1157* 5.85 (£ 1.36)
Mutant 830 041 (£ 0.13)
Mutant 830* 0.41 (+ 0.11)
M12 542 (£ 0.28)
MI12* 591 (£ 0.57)
Cured M12 0.50 (£ 0.07)
Cured M12* 0.46 (+ 0.16)

Quantification of glutathione (GSH) in E. coli wild type (AB1157),
GSHS-deficient mutant (mutant 830), mutant complemented with Ara-
bidopsis clone AtGSHS in pMI2A (M12) and cured complemented
mutant (cured M12). Cultures of strains denoted by * were induced with
1 mM IPTG for 2 h before harvesting. Values are the means of three
experiments with two replicates per experiment, * the standard error
of the mean.
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Fig. 1. Complementation of 8-hydroxyquinoline (8-HQ) sensitivity in
GSHS-deficient E. coli mutant 830 with pM12A. Strains shown are the
complemented mutant (M12), cured complemented mutant (cured
M12), wild type (AB1157), and GSHS-deficient mutant (mutant 830).
(A) Growth on minimal medium (MM) alone. (B) Growth on MM
supplemented with 20 ug-ml™ 8-HQ. (C) Growth on MM supple-
mented with 20 yg-ml™' 8-HQ and 1 mM IPTG. (D) Growth on MM
supplemented with 20 ug-mi™' 8-HQ, 1| mM IPTG and 100 yg-ml™
ampicillin.

in which the GSH content was equal to the wild type (AB1157)
was taken for further analysis. Curing of the plasmid pM12A
from isolate M12 by repeated subculturing on media lacking
ampicillin and retransformation of the deficient mutant with
pM12A extracted from M12, confirmed the plasmid depend-
ence of both 8-HQ resistance (Fig. 1) and restoration of GSH
level (Table 1).

3.2. Glutathione levels of complemented GSHS-deficient E. coli
mutant

The glutathione content of the wild type; AB1157, mutant;
gshB 830, the mutant complemented with the AtGSHS ¢cDNA;
MI12, and the complemented mutant from which the plasmid
had been cured; cured M12, was determined in extracts made
from exponentially growing cultures (Table 1). No significant
differences were observed between the glutathione content of
the deficient mutant and the cured complemented mutant.
However, the mutant containing pM12A grown in the presence
or absence of 1 mM IPTG contained levels of glutathione equal
to those from the wild type. Taken together, these lines of
evidence confirm that the cDNA contained in pMI12A is re-
sponsible for the restoration of glutathione levels in a mutant
which lacks glutathione synthetase activity and contains insig-
nificant levels of glutathione.

3.3. Molecular characterisation of an Arabidopsis GSHS cDNA
The sequence of the cDNA insert was determined to be 1671
bp with one open reading frame of 1577 bp, which encodes a
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GAGCTACGTCAGGGACTCAATCCAAGTAGCTTCCTTTTCCAGAACCCTAAARCTCTGAGA 60
1 EL RQGLNU PSSP L F QNUPIZ KTTILR

AATCAGTCACCTTTGAGGTGTGGGAGATCATTTAAGATGGAATCACAGAAACCCATTTTC 120
21 N ¢ §$ PLRCGRGST FZXMES S QEKZPTITF

GATTTGGAGARRTTAGATGATGAGTTTGTTCAGAAACTGGTTTACGATGCTCTCGTTTGG 180
4 P L £E X L DDEVFV QEKTLVYDATLVUW

TCTTCTCTTCACGGACTCGTCGTTGGT AAR TATCAGAAATCAGGARATGTTCCA 240
61 §$ S L E G L VV GD KBS Y QK S GNUV P

GGGGTTGGATTGATGCACGCACCTATTGCATTGCTACCAACTGCATTCCCAGAAGCTTAT 300
g1 6 V 6 L. M BE AP I ALTLTPTARATFUPERY

TGGAAGCAAGCTTGTAATGTTACTCCTCTTTTCAATGAATTGATTGATCGTGTTAGCTTG 360
01 W X Q A ¢ N V T P L F NETULTIDRUV S L

GATGGCARATTCTTAC, TAGTCTCTCTAGAACGAAGAA T TTTACATCT 420
120 p G K FL QDSILSURTZXKZ KVDVFTS

AGACTTCTTGACATTCACTCCAAGATGCTAGAAAGAAATARGAAAGAGGACATTCGTTTG 480
14Fi R L L. D I H S K ¥ L E R N K XK E D I R L

GGTTTACACCGGTTTGATTATATGCTTGACGARGAAACARATTCACTTCTTCAGATTGAG 540
16l 6 L H R F D Y M L DEZETNSULILQTIE

ATGAATACTATCTCGTGTTCGTTTCCTGGCCTTAGTCGTCTTGTTAGCCAGCTACATCAG 600
181 M N T I § ¢ 8 F P G L 8 R L V 5 ¢ L H Q

TCATTGCTTCGATCTTATGGGGATCAGATTGGCATAGACTCTGAACGTGTACCTATAAAC 660
200 $ L L R S ¥ 6D QI GIDSEZ®RVTPEPTIHNWN

ACATCCACAATCCAATTTGCTGATGCATTGGCTAAAGCTTGGT AGTAACCCA 720
221 T S T I @Q F A DALAZKA AWILETYZYSNTEP

AGAGCGGTAGTCATGGTAAT TGTACAGCCAGRAGAACGCAACATGTACGATCRRCATTTG 780
241 R A V V M V I VvV Q PEEURNMMYUDQHTL

CTGAGCA T AAARGCATA. TGTCATCAGGAAGACTCTAGCAGAA B40
261 L S § I L RE K BH VNI VVIRZEKTTULAE

GTCGAAARAGAR A GARACCCTTATTGTTGGCGGCCAAGCAGTC 900
281 VvV E K E G 8 V Q EDE TL IV GG OQAV

GCAGTGGTTTATTTCAGATCTGGCTATACTCCTAATGATCATCCATCTGAATCAGAATGG 960
301 A VYV Y FR S GYTU®PNDUHZPSE S E W

AARTGCTAGGCTGCTTATTGAGGAGTCTTCAGCTGTCAAATGCCCGAGCATAGCTTACCAT 1020
321l N AR L L I EE S S AV KCP S IBAYSH

TTAACTGGCTCCAAGAAAATCCAGCAAGAACTGGCTARACCAGGTGTTCTCGAGAGGTTT 1080
341 L T G S K K I 9Q ¢ E L A K P G V L E R F

CTGGACAACARAGAGGACATTGCTAAGCTGAGGAAATGCTTTGCTGGGCTTTGGAGCTTG 1140
31 L D N K E DI AEKTULRIEKTECPFRARGTELWS L

GATGACTCAGAARTTGTCAAGCAGGCTATCGAAAAACCCGGATTGTTTGTTATGAAGCCT 1200
38l D D 858 E I VXK QATIZETZ EKUZPGTILT FUVMEKTUP

CAGAGAGAAGGCGGAGGARACAACATC AAATCTTTTGAGA 1260
401 ¢ R E G G G N NI YGDDV®REWDNTZLTLR

CTGCAGAAAGAAGGAGAGGAAGGAAACGCTGC TATCCTGATGC, TCCCA 1320
421 L Q X E G E E G N A A Y I L KM Q R I F P

AAAGTCTCAAACATGTTCTTGGTGCGAGAAGGCGTTTACCATAAGCATCAAGCTATATCA 1380
441 K V S N M F L VR E G V Y HK H QA I S

GRACTCGGTGTCTATGGTGCTTACCTCAGGAGCARAGACGRAGTTATAGTARACGAGCAG 1440
461 B L G V Y G A Y L R S K DEV I V NZEQ

AGTGGTTATCTAATGCGCACGAAGATCGCATCATCAGATGRAGGCGGCGTTGCAGCTGGT 1500
481 8 6 Y L. M R T K I A 5§ s D E G G V A A G

TTTGGAGTCTTGGACAGCATATATCTGATTTGRgatggataac tcttga 1560
501 F ¢ v L D 8 I Y L I *
tcagtttttcttotggtttattccttottottctettottgocttgttaaagatttgtgt 1620

attaatcatgaagatcaataagactaggcaaagcccctgacgtagctcyg 1669

F g. 2. Nucleotide and derived amino acid sequences of the cDNA
AtGSHS in pM12B. The nucleic acid sequence is presented on the top
line with the derived amino acid sequence below. Amino acid residues
aie numbered on the left; nucleotide positions are numbered on the
rizht. The 3" untranslated region is shown in lower case type. Upper
c.se type indicates the sequence from the beginning of the clone to the
siop codon TGA.

protein of 510 amino acids (Fig. 2) with a calculated molecular
n.ass of 58 kDa.

The derived amino acid sequence of the AtGSHS shared high
homology with the derived amino acid sequences for GSHS
f:om several other species of eukaryotes. Computer-aided com-
parison revealed 42% identity with Xenopus laevis [16], 40%
with Rattus norvegicus [17] and the large subunit of the
Schizosaccharomyces pombe enzyme [18], and 37%, 100% and
95% with unpublished sequences from Homo sapiens, and two
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from Arabidopsis, respectively (Table 2). This high homology
extends over the entire amino acid sequence but is most appar-
ent between amino acids 409 and 424 on the AtGSHS sequence,
(at 1 in Fig. 3) where all seven sequences are virtually identical
(Fig. 3). The AtGSHS shared only 16% identity with the GSHS
of E. coli [19] and Anaplasma centrale [20).

1 50
AT1 ELRQGLNPS8S FLFQNPKTLR NQSPLRCGRS FXMESQKPIF DLEKLDDEFV

AT2 «..PLRCGRS FENESQKPIF DLEKLDDEFV
AT3 RQPPLRCGRS FXMESQKPIF DLEKLDDEFV
XL ESELVR.GLH LSRIRMADLW DDIYNDTKLL
RN +ECELGEQLD NERVGMATSW GSILQDEKQL
8P she et eres cesrranaaen P
HE Lo iiiienne searvarone sanan cees ce e s amaes e

51 100
AT1 QELVYDALVN BSLHEGLVVGD KSYQKSGNVP GVGLMNHAPIA LLPTAFPEAY
AT2 QXLVYDALVN SBSLEGLVVGD XBYQKSGRVF GVGLMHAPIA LLPTAFPEAY
AT QKLVYDALVWN BSLEGLGVGD KTYQKSGNVP GVOLMEAPIA LLPIGFPEVL
XL ERLAPIAIDA ALLQGVLMRT KESPNBSDV. ...VSFAPFA LLPSPVPKAL

RN EELAQQAIDR ALAEGVLLRS AKNPSBSDV. ...VTYRPFT LFPSPVPSTL
8P  ....... eve sameaan See e rasenea s aecanaen P ana e
HB c e sesesaraae Pe st eas e s eseresee seaaraasas

101 150

AT1 W.KQACNVYTP LFNELIDRVS LDGKFLQDSL SRTKKVDVFT SRLLDIHSKM
AT2 W.KQACNVTP LFNELIDRVS LDGKFLQDSL SRTXKVDVFT SRLLDINSKM
AT3 TGSQACDVYP LPFNELIDRVS LDGKPLQDSL SRTKKVDVFT SRLLDIHSKM
XL F.EQAKCVQE DFNTLVDRIS QDTSPLEQVL BSTIKVDDFI RRLFAIHEKQV
RN L.EQAYAVQM DFNILVDAVS QNSAPLEQTL SSTIKKDEYT ARLFDIYRKQV
BP L iiiii i ice e R L

151 200

AT1 LERNKKEDIR LGLHERFDYML D...EETNSL LQIEMNTISC SFPGLSRLVS
AT2 LERNKKEDIR LOGLHRFDYML D...EETNBL LQIEMNTISC SFPGLSRLVE
AT3 LERNKKEDIR LGLRRFDYNL D...EETNSL LQIXRMNTISC SFPALSRLVS
XL QQEDCTQEVF LGINRSDYKF DCRDDGTPAL XKQIXRINTIAA SFGGLASRTP
RN LREGIAQTV LGLNRSDYKF QCSADGSKAL KQIRINT1ISA SFGGLASRTP
BP ... Ve se e esearen eaesann Vee esesananas aesens o

201 250

ATl QLHQBLLRSY GDQIGIDSER VPINTBTIQF ADALAKAWLE YSEPRAVVMY
AT2 QLHQBLLRSY GDQIGIDSER VPINTBTIQF ADALAKAWLE YENPRAVVMV
AT QLEQHELLRAY GPQIGIDSER VPINTSTIQF ADALAKANLE YBNPRAVVMV
XL AVAQHVLKFL RK..SEEBSS ILTNDAVEGI GWGIAEAWAL YGSVDATVMF

RN AVBRHVLNVL NK..TNEASK ILSNNPSKGL ALGIAKAWEL YGSANAVVLL

sp e “e e e s e e arsararaaa aaenas MNIA SDETKPIVLF
HS .. B T S I Ches e
251 300

AT1 IVQPEERNKY EXHNIVVIRK TLAEVEKEGS VQEDETLIVG
AT2 IVQPEERNMY EXHENIVVIRK TLAEVEKEGS VQEDETLIVG
AT IVQPEERNMNY DQELLSSILR EKANIVVIRK TLAEVEKEGS VQEDETLIVG
XL LVENEQRNIL DQRFIEAELC KR.BVRVIRR RLADVFERGT LDEERHELFID
RN IAQERERNIP DQRAIENELL DR.KIHVIRR RFEDVSERGS LDQONRRLFME
BP VVRKGGERNIT DQRTLEYELL NRFHVISKRI DIAELTSLIH DRKSSNRLYMK

HS S ettt et e taredcerae searaeaaaen Chae et es b e e e

3so0

AT1 VYIFROGYTPN DHPSESEWNA RLLIEESSAV KCPSTAYHLT
AT2 VIFREGYTPR DHPSESEWNA RLLIEESSAV KCPSIAYHLT
ATI VIFRSGYTPN DHPSESEWNA RLLIEESSBAV KCPSIAYHLT
L AYFRTGYVPQ DYTEQ.DWEA RLMLERBRAV KCPDVPTQLV

RN DQ....EVAV VYPRDGYMPS QYNAQ.NWEA RLLLERSCARA KCPDIATQLA

l: TSFTTYEVAY VYYRVGYALD DYPSQERNDM RLTIENTLAI KCPBISTHLA

H8 . .....cuu. C e e st s ser e D L T T T R

351 400

ATl GSKKIQQELA KPGVLERFLD NX.EDIAXLR KCFAGLWSLD DS8....EIVK
AT2 GSKXIQQELA KPGVLERFLD NK.EDIAKLR KCFAGLWSLD DB....EIVK
AT3 GSKKIQQELA KPOVLERFLD NK.EDIAKLR KCFAGLWSLD DS8....EIVK

XL GTKXVQQELS RPQILEXPLP DKPEAVARIR ETFTGLYSLD IGEEGDEAVR
RA GTKKVQQELS RVGLLEALLP GQPEAVARLR ATFAGLYSLD MGEEGDQAVA
BP GBEKIQQVLA ESNALERFLE G..DELQAVR STFADMYPLD DTPRGREGIK
HE e versameas seversenas arssvernes weserasasM WVRKGTRPSP

401 450

ATl QAIEKPGLFV MKPQREGGGN NIYGDDVREN LLRLQKEGEE GNAAYILNQR
AT2 QATIEKPGLFV MKPQREGGGN NIYGDDVREN LLRLOKEGEE GNAAYILMQR
AT2 QAIEKPGLFV MKPQREGGGN NIYGDDVREN LLRLOKEGER GNAATILMNQR
IL VALANPDQFV LKPQREGGGN NLYGEELKEK LQECK..DSE ERTSYILMDK

RN EALAAPSEFV LKPQREGGGN AFYGEEMVHA LEQLK..DSE ERASYILMEK

ap LAFEKPEDFV LKPQREGGON NTYGKDIPGL LSKM...PQE EWDSYILMRY

HE MALAAPSRFV LKPQREGGGN NLYGEEMVQA LKQLK..DSE ERASYILMEK

451 500

ATl IFPKVSNMFL VR.EGVYHKH QAISELGVYG AYLR..SKDE VIVNEQSGYL
AT2 IFPKVSNNFL VR.EGVYHKH QAISELGVYG AYLR..BKDE VIVNEQBGYL
AT3 IFPKVSNMFL VR.XGVYEKH QAISELGVYG AYLR..BXKDK VIVEEQSGYL
XL INPKPLKNCL LRAGGRVQIS ECISELGMFG VYVRE..RDQ MIYYDQVGHL

RE IEPEPFRNCL LRPGSPAQVV QCISELGIFG VYVRQ..GTT LVMNRRVGEL

ap INRVPSQNYI LK.GERPEKF DVVDEIGILG TIVWNINTDE VVQNGQBGFI

HE IEPEPFENCL LRPGSPARVV QCISELGIFG VYVRQ..EKT LVMEKHVGHL

501 550
AT1 KRTKIASSDE GGVAAG.FGV LDSIYLI*.. .......... e
AT2 NRTKIABSDE GGVAAG.FGV LDSIYLI*
AT3 KRTKIASSDE GALQLV.LEP WTAFI*
IL LRTKAIEESD GGVAAGV.AV LDNPYLV+..
RN LRTKAIEHAD GGVAAGV.AV LDNPYPV+. ., .
-3 4 CRTKPKKTNE GGVATG.YAS LSSIELSE*., ......
HE LRTKRXEEAD GXFGSGSWQS WDNPYPVFKG TTRXR.

Fig. 3. Comparison of the derived amino acid sequence of AtGSHS
(AT1) with that from X. luevis (XL) [14], R norvegicus (RN) [15],
S. pombe (SP) [16], H. sapiens (HS), and two other Arabidopsis se-
quences present in the EMBL database (AT2 and AT3). Translations
were made of nucleic acid sequences present in the EMBL database.
The sequences are aligned for maximal homology, gaps are represented
as dots and amino acids identical to those in the Arabidopsis sequence
are highlighted in bold.
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Genomic Southern blot analysis was carried out using Arabi-
dopsis DNA digested with HindlIll, Xhol and Pst1, which have
restriction sites within AtGSHS, or EcoRI and BamHI, which
do not. The DNA fragments detected by the cDNA probe after
low stringency washing remained at high stringency. The simple
pattern of hybridisation suggests that the gene corresponding
to AtGSHS is present as a single copy in the Arabidopsis
genome (Fig. 4). We have designated this locus GSHB. This
locus is not represented in the genomes of maize or tobacco
since a radiolabelled AtGSHS probe failed to hybridise to
genomic DNA of these species (data not shown). High levels
of expression of the corresponding mRNA was detected by
Northern blot analysis of total RNA isolated from roots and
leaves using the X#ol fragments of clone pM12B as a radiola-
belled probe (Fig. 5). The size of the mRNA detected was 2.5
kb, which is longer than that of the isolated cDNA clone. No
further 5" sequence was obtained following nested per amplifi-
cation of p AYES.

4. Discussion

In this report we describe the isolation of an Arabidopsis
thaliana cDNA which encodes a protein with a high degree of
amino acid sequence identity to the GSHS from Xenopus laevis
(42%), Rattus norvegicus (40%), Schizosaccharomyces pombe
(40%), and unpublished sequences from Homo sapiens (37%)
and Arabidopsis (100% and 95%). Since suitable DNA probes
or antibodies were not available at the outset of this work to
screen a plant cDNA library for GSHS sequences we adopted
the approach of functional complementation of E. coli mutants
deficient in this enzyme. We have previously used this approach
to isolate and characterise an Arabidopsis cDNA encoding y-
glutamylcysteine synthetase [8]. Strong evidence has been ob-
tained to support the hypothesis that the cDNA isolated en-
codes Arabidopsis GSHS. The presence of the plasmid pM12A
containing an Arabidopsis cDNA in the E. coli gshB mutant
830, which lacks GSHS activity and measurable GSH, leads to
restoration of extractable GSH to levels equivalent to those in
the wild type, AB1157. A comparison of the derived amino acid
sequence of the AtGSHS cDNA clone showed significant ho-
mology over the entire sequence to the previously described
sequences for GSHS from X. laevis [16], R norvegicus [17],
S. pombe [18] and H. sapiens.

Both chloroplastic and cytosolic isoforms of GSHS exist in
plants [6]. Whilst the N-terminus of the Arabidopsis sequence
is longer than that of any other species, we cannot say in which
cellular location the encoded peptide functions since there is no

M.R. Rawlins et al.| FEBS Letters 376 (1995) 81-86
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Fig. 4. Genomic Southern analysis of Arabidopsis GSHS. Total Arabi-
dopsis genomic DNA (20 ug), was digested with the enzymes EcoRI
(lane E), BamHI (lane B), Hindlll (lane H), Pstl (lane P), Xhol (lane
X) or left uncut (lane U). XAol fragments of pM12B were used together
as a probe. Restriction sites within the cDNA are indicated on the
above map. Arrows denote the Xhol cloning site of pM12A and the
open reading frame is represented as a thick black line. The scale is as
shown. Fragment sizes are indicated on the right.

Table 2
Homologies of derived amino acid sequences for GSHS
Atl At2 At3 X1 Rn Sp Hs Ac Ec
Atl 100/100
At2 1007100 100/100
At3 97/95 97/95 100/100
X1 65/42 65/42 64/41 100/100
Rn 62/40 62/40 62/37 78/64 100/100
Sp 63/40 63/40 60/37 63/40 62/42 100/100
Hs 60/37 60/37 60.37 71/57 84/78 60/37 100/100
Ac 42/16 42117 42/17 47/18 48/23 43/19 43/15 100/100
Ec 46/15 44/16 44/15 42/15 48/21 40/18 42/20 59/33 100/100

The values given represent percent similarity followed by percent identity.
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Fi.. 5. Expression of GSHS in Arabidopsis total RNA (10 ug) from
fla-k grown roots (lane R) and leaves (lane L). Xhol fragments of
pM12B were used together as a probe. RNA size markers are shown
or the left.

stop codon upstream of the first methionine and hence we do
not know if the entire N-terminus is represented by the cDNA.
It sthus possible that a transit peptide is encoded in the missing
5" sequence.

Whilst the Arabidopsis GSHS sequence described here shares
significant homology with the primary structure of comparable
eukaryotic sequences, there is very poor homology with pub-
lished prokaryotic sequences from E. coli [19] and Anaplasma
ce atrale [20] (16% identity). Clearly two classes of GSHS exist
ard within each class homology is shared between individual
m2mbers although clear sub-groups exist; Arabidopsis se-
q:ences being clearly distinct from the strongly homologous
mimmalian sequences or yeast sequence (Table 2). Neverthe-
le-s, although structural diversity has evolved, GSHSs from all
scurces share similar functional properties and substrate speci-
fi.ities. A similar situation has been previously described for
A abidopsis  y-glutamylcysteine synthetase [8]. Functional
p operties of the enzymes are therefore likely to be determined
b tertiary and quaternary structure. For example it has re-
cently been reported that the tertiary structures of GSHS and
p-Ala:p-Ala ligase from E. coli, both ATP-hydrolysing pro-
teins, are remarkably similar in spite of insignificant primary
scquence homology [21]. Because a single Arabidopsis cDNA
etfectively complemented the E. coli mutant we assume that the
4 rabidopsis enzyme functions as a single polypeptide or as a
n-ultimer composed of identical subunits, and that the active
s:e 1s encoded within the cloned sequence. Thus, whilst the
Arabidopsis enzyme shares strong primary sequence homology
with the enzyme from S. pombe, this is not reflected at the level
¢ quaternary structure since the S. pombe holoenzyme is a
h.:terodimer composed of a 33 and 26 kDa subunit [22]. In
contrast, the R. norvegicus enzyme is a dimer consisting of two
icentical subunits of approximately 55 kDa [17], whereas the
+. centrale enzyme is a single polypeptide of 34 kDa [20] and
tie E. coli enzyme functions as a homotetramer made up of
i« entical 38 kDa subunits [19]. The proposed subunit structure
¢ "the X. laevis enzyme as a dimer of non-identical subunits [16]
n ust be substantiated since the native enzyme has not yet been
i~olated. Thus, although there are strong homologies amongst
tiie predicted primary sequence of eukaryotic GSHSs, there is
a high degree of diversity in their quaternary structure. Little
i~ known about GSHS from plants and to date there has been
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only one report of enzyme purification from legumes [23]. Both
pea and mung bean enzymes are proteins with an apparent
molecular weight of 85 kDa as determined by gel filtration. The
¢DNA described encodes a protein with a predicted moleclular
mass of 58 kDa. However, given the discrepancy between the
size of the cDNA and the corresponding mRNA it is likely that
the N-terminus extends further and thus the mature protein
may be closer in size to that of pea and mung bean. The
sequence that is not present in the cDNA may not be essential
for enzyme activity since the cDNA clone encodes a protein
which fully complemented the GSHS-deficient mutant and re-
stored GSH levels equal to those in the wild type.

The open reading frames contained within the AtGSHS,
X. luevis and S. pombe clones all extend from the beginning of
the available nucleic acid sequence and within this region amino
acid homologies exist. It is possible that the N terminus of the
X. laevis and S. pombe GSHSs also extend further. It is at
present unclear why all of the eukaryotic GSHS clones repre-
sented in Fig. 3 have an apparently truncated 5" end, particu-
larly since all the clones originate from different sources and
were obtained by different cloning strategies. Attempts to ob-
tain further Arabidopsis 5' sequence from the original pYES
library using per based techniques have proven unsuccessful.
Resolution of this problem will come through the isolation of
genomic GSHS clones. The predicted amino acid sequence of
the X. Jaevis GSHS is virtually identical in length to that of the
AtGSHS however the cDNA encoding X. laevis GSHS contains
a 3’ untranslated region of approximately 1000 bp. increasing
the total length of the cDNA to 2489 bp [16]. It is likely that
there is also further 3’ sequence lacking from the AtGSHS
sequence since neither Poly adenosylation signals nor Poly A
tail were observed thus explaining in part the discrepency be-
tween the size of the cDNA and the size of the mRNA detected
by Northern hybridisation.

Genomic Southern blot analysis demonstrated that the gene
encoding GSHS, GSHB, is represented by a single copy in the
Arabidopsis genome. This would suggest that little sequence
homology may exist between the genes for the cytosolic and
chloroplastic isoforms of the enzyme or that they are both
encoded by the same gene. Further Southern blot analysis using
DNA fragments corresponding to highly conserved regions
may reveal sequences corresponding to the second isoform of
the enzyme. Lack of homology between isoforms as determined
by genomic Southern analysis was also observed for y-glutam-
yleysteine synthetase, the first of the two enzymes responsible
for the synthesis of glutathione [8]. Similarly, both AtGSHS
and At y-glutamylcysteine synthetase failed to hybridise to
maize and tobacco DNA highlighting that within both dicots
and monocots, considerable structural diversity of the genes
encoding the enzymes in this important biosynthetic pathway
has evolved.

The isolation of a cDNA encoding GSHS from Arabidopsis
is of importance for a number of reasons. Firstly. a plant cDNA
encoding GSHS has been isolated by the novel approach of
functional complementation, and this coupled with our success
in the isolation of a cDNA encoding y-glutamylcysteine synthe-
tase [8] will allow a rigorous examination of the factors which
regulate the glutathione biosynthetic pathway. Secondly, the
availability of GSHS ¢DNA is of practical importance in the
construction of transgenic plants, which may have an altered
capacity for GSH biosynthesis. Such plants will allow us to
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address directly fundamental questions concerning the physio-
logical requirements for GSH in higher plants.
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